Optical changes in d-and b-type cytochromes, following initiation of the reaction of cytochrome oxidase d with 02, have been studied in cells and derived membrane particles from oxygenlimited cultures of Escherichia coli K 12. At successively higher temperatures between -132 and -88 "C, the first scan after photolysis of the CO-liganded, reduced oxidase in the presence of 0, shows a diminution of cytochrome d6s0 (believed to be an early intermediate in the 0' reaction) and a slow increase in absorbance at 675 to 680 nm due to an unidentified chromophore. A similar sequence occurs when a single sample is scanned repetitively at -91 "C. At higher temperatures, oxidation of at least two spectrally distinct cytochromes b occurs. Selective photolysis of the cytochrome d-CO complex with a He-Ne laser shows that neither of these cytochromes is the CO-binding cytochrome 0436. In all oxidation states examined, no absorbance in the 720 to 860 nm region was observed; it is concluded that both cytochromes d and 0 4 3 6 lack redox-active copper that has an environment similar to the copper(s) in mitochondria1 cytochrome c oxidase.
Optical changes in d-and b-type cytochromes, following initiation of the reaction of cytochrome oxidase d with 02, have been studied in cells and derived membrane particles from oxygenlimited cultures of Escherichia coli K 12. At successively higher temperatures between -132 and -88 "C, the first scan after photolysis of the CO-liganded, reduced oxidase in the presence of 0, shows a diminution of cytochrome d6s0 (believed to be an early intermediate in the 0' reaction) and a slow increase in absorbance at 675 to 680 nm due to an unidentified chromophore. A similar sequence occurs when a single sample is scanned repetitively at -91 "C. At higher temperatures, oxidation of at least two spectrally distinct cytochromes b occurs. Selective photolysis of the cytochrome d-CO complex with a He-Ne laser shows that neither of these cytochromes is the CO-binding cytochrome 0436. In all oxidation states examined, no absorbance in the 720 to 860 nm region was observed; it is concluded that both cytochromes d and 0 4 3 6 lack redox-active copper that has an environment similar to the copper(s) in mitochondria1 cytochrome c oxidase.
The amount of cytochrome dhso (but not the amount of reduced cytochrome o4J formed after photolysis is directly proportional to the oxygen concentration in the sample at the time of freeze trapping. The results are discussed in relation to the composition and mechanism of action of cytochrome d.
I N T R O D U C T I O N
An unusual pigment with an absorption band well within the red region of the spectrum (at about 630 nm) was first observed in Escherichia coli and Shigella dysenteriae (Yaoi & Tamiya, 1928) . The component, designated cytochrome a? (Keilin, 1933) , was shown by several workers to be widespread among bacteria, autooxidizable, and capable of combining with CO and cyanide (for a review, see Lemberg & Barrett, 1973) . Following the discovery that the prosthetic group is an iron-chlorin (Barrett, 1956) , the enzyme was subsequently reclassified as cytochrome d.
Castor & Chance (1959) obtained photo-action spectra for the relief of C O inhibition in several bacteria and demonstrated the role of cytochrome d as an oxidase. More recently, Hoffman et a/. (1980) have demonstrated the same function for cytochrome d in Azotobacter zlineiandii. In E. coli and other bacteria, this oxidase is formed when the availability or utilization of oxygen is restricted (for references, see Poole & Chance, 198 l) , a finding consistent with the high ( K , = 0.025 VM) O2 affinity of the E. coli enzyme (Rice & Hempfling, 1978) . This value may be lower than the K , for O2 of cytochrome aa3 (Jones, 1978; Poole et af., 1979a) .
The mechanisms by which cytochrome oxidases reduce oxygen (dioxygen) are currently receiving much attention. The mode of action of the mitochondrial cytochrome c oxidase (EC 1 .9.3.1) has been most extensively studied Wikstrom et al., 1981) . However, the diversity of structures exhibited by bacterial oxidases, having the same function as the mitochondrial enzyme, offers the opportunity for identifying the essential features of oxidase action in a comparative study. The redox-active metal centres in cytochrome c oxidase are two irons in haems a and a3 and two coppers. In the reaction with 02, the reactive centre consists of the coupled metal ion pair, cytochrome a3 and the 'EPR invisible' Cuu3 or CuB. However, with the exception of the structurally-simple aa,-type oxidases recently identified in bacteria (Ludwig, 19801 , there is little convincing evidence for the involvement of copper in bacterial cytochrome oxidases. In these systems, mechanisms for oxygen reduction must be sought that involve electron donation only from haems. The best-characterized bacterial oxidases are the cytochrome o of the myxobacterium Vitreoscilla and the cytochrome cd, oxidase (EC 1 .9.3.2) of Pseudomonas (for a review, see Poole, 1982a) , both of which lack copper.
Although the Pseudomonas system has been the subject of intensive biochemical and biophysical characterization, and intermediates in the reaction with O2 have been identified (Greenwood et al., 1978) , this oxidase is somewhat atypical in being water-soluble and also having nitrite reductase activity. We are studying, therefore, the reactions between O2 and reduced cytochrome d in E. coli, exploiting the low-temperature trapping techniques that have proved successful in identification of intermediates in the O2 reactions of the mitochondrial oxidase (Chance et al., 1975a, b) and of cytochrome o in E. coli (Poole et al., 1979b, c; Poole & Chance, 198 1 ; Poole, 1982b) . The results presented here extend our recent finding (Poole et al., 1982a ) that reduced cytochrome d recombines with CO at temperatures lower than for any other oxidase studied. At temperatures above --153 "C, photolysis of the CO complex is followed by ligand exchange for O2 giving a compound that we believe to be an early intermediate in the O2 reaction (Poole et al., 1983) and not the fully oxidized form. This paper reports on subsequent reactions of this compound and cytochrome b oxidation. Parts of this work have been presented in abstract form (Poole, 19826; Poole et al., 1982b) .
M E T H O D S
Organism, growth conditions and preparation o j cells and membranes. These were exactly as described in the preceding paper (Poole et al., 1983) .
Low temperature spectral studies. These were performed as described by Poole et a/. (1983 Poole et al., 1983) . After trapping the oxygenated sample at -78 "C and equilibrating at low temperatures in the dual-wavelength spectrophotometer, photolysis was achieved with the xenon lamp or laser described previously, or a more powerful 4.0 mW He-Ne laser (Spectra Physics, Mount View, Calif. 94042, U.S.A.). The laser beam was directed to the sample by light guides and positioned to give maximum illumination of the cuvette as judged from the photomultiplier voltage. T o investigate the possibility that the multiple flashes from the xenon lamp might perturb the temperature of the sample, a thermocouple was inserted in a cell suspension in the 2 mm path-length cuvette at -25 "C and then frozen. Direct measurement of the temperature of the suspension equilibrated in the spectrophotometer at -80 "C showed it to be constant ( -80 k 1 "C) during 30 flashes of the xenon lamp over a period of 43 s.
Physical methods. The Johnson Foundation dual-wavelength scanning spectrophotometer was used Poole et al., 1983) . Transmitted light was monitored with an S-10 type photomultiplier for the 390 to 700 nm range (EM1 9592B or 9214) or an S-1 type photomultiplier (RCA 7102) for the 550 to 860 nm range. In (a), the sample was freeze-trapped in the absence of O2 and its spectrum scanned and stored in the digital memory of the dual-wavelength spectrophotometer at -132 "C. This spectrum was subtracted from a subsequent prephotolysis spectrum to yield the reduced + CO minus reduced + CO baseline, or from the spectrum recorded immediately after photolysis (30 flashes of a 200 J xenon lamp).
In (b) to (f), the procedure was identical except that O2 (approx. 400 PM) was present and spectra were scanned at -132 "C (b), -97 "C (c), -88 "C (d), -80 "C ( e ) or -70 "C (f). In each case, the reference wavelength was 720 nm and the scan speed approx. 1.4 nm s-I . Protein concentration was 1 1.8 mg ml-' .
R E S U L T S

Spectra of compounds formed between cytochrome d and oxygen at sub-zero temperatures afier
photolysis with white light When the CO-liganded, reduced forms of mitochondria1 cytochrome oxidase (cytochrome aa3) or E. coli cytochrome o are flash photolysed in the absence of O2 at low temperatures (below about -120 "C), the spectrum obtained is that of the reduced form. This arises because the recombination of CO with the reduced oxidase is immeasurably slow at these temperatures. However, Poole & Chance (1980 showed that cytochrome d behaves anomalously in similar experiments, the only features observable in the 410 to 660nm region being due to cytochrome 0436. Fig. 1 (a) confirms and extends these results, the difference spectrum (with respect to the CO-liganded form) being featureless as far as 860 nm. The explanation (Poole et al., 1982a) is that reduced cytochrome d binds CO at exceptionally low temperatures ( -269 to -153 "C) so that recombination is complete within the first scan at -132 "C. In the presence of 400 ~M -O~ (Fig. 1 b) the difference spectrum shows an intense peak at 650 to 652 nm (attributed Pook et al., 1983) and a trough at 636 nm, resulting from disappearance of the CO-liganded form in the flash photolysis spectrum. Figs 1 (c) to 1 (f') show the first spectra, and their respective baselines, obtained after photolysis at successively higher temperatures. At -97 "C ( Fig. 1 c) the major peak and trough remain but a shoulder to the 652 nm peak appears at 670 to 690 nm. Further warming to -88 "C ( Fig. 1 d) or -80 "C ( Fig. 1 e ) causes this shoulder to intensify with concomitant loss of the peak. The shoulder is very broad but centred at 670 to 675 nm. At -80 "C and higher temperatures ( -70 "C ; Fig. 1 f') , a trough at 562 nm indicates oxidation of h-type cytochrome(s). There were no absorbance changes between 700 and 860 nm, with respect to the CO-reduced baseline, over the temperature range studied.
The reactions of h and d-type cytochromes are also seen when a single sample is scanned repetitively at a constant temperature. At -91 "C (Fig. 2) , photolysis with white light resulted in the simultaneous decrease in absorbance at 652 nm and increase at 675 nm. In this single sample, the constancy of the 636 nm intensity is more clearly seen. Between 500 and 600 nm, the a and p bands of cytochrome(s) b at about 530 and 560 nm, respectively, are seen. In the Soret region, all scans but the first show a cytochrome b trough at 430 nm which deepens concomitantly with the o! band. Changes at 652,430 and 675 nm are shown in Fig. 3 . Plots of the logarithm of the absorbance changes of the first two components were each bilinear, suggesting two pseudo-first-order processes for each component (results not shown). For cytochrome '450' (652 nm), the faster phase persisted for approx. 10 min after photolysis (ti approx. 30 min) and was followed by a much slower phase with tg > 200 min. Similar kinetics were observed in five such experiments at this temperature. Multiphasic kinetics in haemoprotein reactions have been observed by others, particularly in ligand-binding studies (e.g. Poole et al., 1 9 7 9~; Denis & Richaud, 1982) and, although not fully understood, have been interpreted in terms of discrete energy barriers encountered by the approaching ligand (Austin et al., 1975) . Although continuous recording of the absorbance change at a fixed wavelength (with respect to a fixed reference wavelength) would have provided data more suitable for detailed kinetic analysis, the purpose of the present experiment was to demonstrate the kinetic distinction between the changes at 652 and 430nm compared with the almost linear increase in absorbance of the unidentified chromophore at 675 nm. There are no distinct changes in the region between 440 and 450 nm (Fig. 2) where the Soret band of a-type cytochromes is expected. The weakness of the Soret bands of d-type cytochromes has been reported previously (Chance, 1953; Yamanaka & Okunuki, 1963; .
Reactions with ligands of cytochromes in membrane particles
Reactions similar to those described above for intact cells were also observed in membrane particles prepared by ultrasonic disruption and differential centrifugation (Poole et al., 1983) . Photolysis at -94 "C of an anoxic sample that had been reduced with succinate and bubbled with CO revealed only cytochrome 0~3~ (results not shown). In the presence of ~O O~M -O , , however, additional signals at about 635 nm (trough) and 652 nm (peak) were seen at -94 "C. Thus, the reactions attributed to both cytochrome 0436 and cytochrome d are those of oxidases tightly bound to the cytoplasmic membrane.
Reactions of cytochromes d and b following photolysis with monochromatic light
Cells from 0,-limited cultures contain, in addition to cytochrome d, two other cytochromes whose CO-complexes may be photolysed by white light, cytochromes a , and 0436. Cytochrome a , is present at low concentrations; its small absorbance at about 595 nm in difference spectra, with the CO-liganded form as reference , does not confound the large spectral changes of cytochrome d seen in 02-supplemented samples ( Fig. 1 b tof'; Fig. 2 ). In contrast, cytochrome 0~3~ has distinctive absorbances in the Soret, a and p regions and cannot be easily distinguished from other b-type cytochromes that may be oxidized by cytochrome d (Figs 2 and 3) . Monochromatic light from a He-Ne laser (633 nm), however, photolyses the cytochrome d-CO complex, but not the 0-CO complex (Poole & Chance, 1981); Fig. 4 . Oxidation of cytochrome b during the 0, reaction. The spectrum of a CO-liganded, reduced cell suspension was scanned at -81 "C and stored in the memory of the dual-wavelength spectrophotometer (reference wavelength 500 nm) and subtracted from subsequent spectra. The CO-reduced minus CO-reduced baseline is shown by (a). Photolysis was by 10 min exposure to the beam of a 4 mW He-Ne laser and followed immediately by a further scan (b; dashed line) and another after 16 min (c). The sample temperature was then raised to -70 "C, returned to -8 1 "C (results not shown) and recycled again, holding the temperature at -70 "C for 5 min. Spectrum (d) is that of the twice-recycled sample minus the reduced + CO reference spectrum. The vertical bar represents AA = 0.016 above 500 nm and 0.04 below 500 nm. The scan speed was approx. 2.8 nm min-' and the protein concentration 1 1.5 mg ml-' . thus, further evidence for oxidation of b-type cytochromes is afforded by Fig. 4 . The first scan after laser photolysis at -8 1 "C is characterized by the 652 nm peak, a small shoulder at 675 nm and a trough at 437 nm. Repetitive scanning of the sample over 20 min (results not shown) revealed changes in the signals similar to those seen after photolysis with white light (Fig. 2) . After transient warming of the sample (by disconnecting the flow of cooled N2 to the cuvette), the troughs at 437 and 562 nm deepen. After warming, the temperature was returned to -81 "C, the temperature at which the reference spectrum was scanned, to obviate optical artefacts arising from light scattering and devitrification. A further warming cycle intensified the 675 nm component, deepened the 562 nm trough and shifted the Soret trough by 7 nm to 430 nm. This indicates successive oxidation of at least two cytochromes b. That the 437 nm component observed after laser photolysis in the presence of O2 is not cytochrome 0 4 3 6 was confirmed by comparing directly the spectra of forms obtained in the presence and absence of 02. Thus at -100 "C, with 400 ~M -O , present, photolysis with the He-Ne laser gave the near-infrared signals of cytochrome d plus a prominent trough at 437 nm similar to that seen at -81 "C (Fig.  4) . Further irradiation of the sample with 30 flashes from a xenon lamp resulted in a broad Soret peak (maximum 439 nm) that is probably the sum of the intense peak of cytochrome 0 4 3 6 and the trough extant prior to the xenon flashes (results not shown). In contrast, a repeat of the experiment with an anoxic suspension gave a featureless spectrum after laser photolysis (not shown) and the spectrum of cytochrome 0 4 3 6 after xenon flashing (see Fig. 26 of . These experiments show that the cytochrome 0436-C0 complex is The spectrum of a CO-liganded, reduced cell suspension was scanned and stored in the memory of the dualwavelength spectrophotometer at -13 1 "C (reference wavelength 500 nm). Subtraction of this from the subsequent scan of the unphotolysed sample gave the reduced + CO minus reduced + CO baseline (dashed line). The sample was exposed for 10 min to the beam of a 0.95 mW laser and the spectrum recorded (a) using the stored spectrum as reference. The sample was then warmed to -90 "C and returned to -13 1 "C where a further difference spectrum (b) was recorded. The scan speed was approx. Fig. 6 . Dependence of the intensities of bands due to cytochromeso,,, and don O2 concentration in the sample. Each CO-liganded, reduced cell suspension, to which the indicated concentration of oxygen had been added at -25 "C, was scanned and stored in the dual-wavelength spectrophotometer and subtracted from subsequent scans of the same sample. Photolysis was achieved by 10 min exposure to a 4 mW He-Ne laser (O), and was followed in ( 0 ) and (0) with 10 flashes from a 200 J xenon lamp. The wavelength pairs measured are 652 minus 636 nm (0, a) and 436 minus 41 5 nm (0). The temperature was -132 "C, the scan range 410 to 720 nm, the reference wavelength 500 nm, and the scan speed approx. 1.4 nm s-I. The protein concentration was 14.6 mg ml-I.
photolysed by white light in the absence or presence of O2 and that a trough observed following laser photolysis in the presence of 0, at the same temperature is due instead to another b-type cytochrome.
Cytochrome b oxidation is a consequence of the reaction of cytochrome d with 0,. Laser photolysis of the oxidase at -13 1 "C (Fig. 5) gives rise to the same spectral changes in the nearinfrared as those seen after photolysis with white light (Fig. 1 b) . As shown previously ) the Soret changes are small when only cytochrome d is photolysed. However, warming the sample to -90 "C and recycling to -131 "C results in the oxidation of a b-type cytochrome seen at 437 nm.
Efect of oxygen concentration on the reactions of cytochrorne d
The concentration of dissolved O2 at the time of freeze-trapping was varied by gently mixing 02-saturated buffer with the CO-saturated cell suspension at -25 "C. Photolysis of the sample at -132 "C resulted in the appearance of cytochrome d signals, whose magnitude was linearly proportional to oxygen concentration, up to 0.6 mM-0, (Fig. 6) . In the Soret region, a broad band at 440 to 450nm of low intensity was observed, as shown in Fig. 5 . At higher O2 concentrations, the intensity of the d signals declined, probably due to displacement of CO from the oxidase and consequent O2 binding. Irradiation with white light following each laser experiment gave approximately 15% enhancement of the d signals, but also elicited the appearance of cytochrome 0436 in the Soret region. The intensity of the latter signal was relatively independent of 0, concentration; the slight increase is presumably due to the influence of the increasing intensity of the broad Soret band of cytochrome d.
D I S C U S S I O N
The remarkable functional properties of cytochrome d in E. coli are its ability to bind CO at temperatures between --269 and -153 "C (Poole et al., 1982a) and the rapid ligand exchange that occurs when the CO-liganded form is photolysed in the presence of O2 at higher temperatures (Poole et af., 1983; this paper) . Both these features are unique amongst cytochrome oxidases studied to date. An explanation of these phenomena in terms of the enzyme's composition and structure cannot be given at present. This oxidase has proved particularly refractory to purification, but studies of the solubilized and partially purified respiratory oxidase complex (Reid & Ingledew, 1980) have suggested the presence of two spectrally and potentiometrically different b-type cytochromes, and two haems d. Such a configuration is closely analogous to the cytoc hrome oxidase of Pseudomonas aeruginosa (Kuronen & Ellfolk, 1972) . This enzyme contains two haems c and two haems d,, the latter being the binding site(s) for CO, cyanide and O2 (Parr et af., 1975; Greenwood et af., 1978) . It also exhibits rapid CO rebinding after photolysis at temperatures close to that of liquid He (Sivaram et af., 1982) . However, in marked contrast to the E. coli cytochrome d-containing oxidase, this enzyme is membrane-attached but water-soluble.
The function of copper
In the reaction of the mitochondrial cytochrome c oxidase with oxygen, the reactive centre consists of the coupled metal pair cytochrome a3 and its associated copper (CU,~), whereas cytochrome a and Cu, serve an electron 'reservoir' or 'ballast' function (Chance, 198l) , donating electrons to the bound peroxide intermediate in O2 reduction. The only band in the visible spectrum of the enzyme attributable to copper is a weak absorption at 830 to 840nm (for references, see Beinert et al., 1980) . There is no convincing evidence for the role of copper in the respiratory chain of E. coli. An EPR investigation by Lund & Raynor (1975) of membrane particles from nine bacterial species, including E. coli, failed to show a Cu2+ signal in either oxidized or reduced forms at 77 K .
The present study shows that if copper is present in the cytochrome d of E. coli, its environment must be quite different from that in mitochondrial cytochrome oxidase, since no significant absorbance between 720 and 860 nm was detectable over a wide temperature range, where all oxidation states of the oxidase are thought to be represented. Since these cells also contain cytochrome 0436 , it is inferred that this oxidase too lacks copper in the form found in the mitochondrial enzyme.
O 2 reactions of E. cofi cytochrome d
The unidentlfied chromophore at 670 to 680 nm Analysis of the absolute absorption spectrum of cytochrome d in Azotobacter cinefandii (in a state described as oxidized, although no details of sample preparation were given) has revealed three Gaussian components (Kauffman & van Gelder, 1973a) . The peak positions (with band widths) were 635 (34), 648 (21) and 670 (38) nm. On exhaustion of oxygen, the 648 nm band decreased before the 670 nm component. The latter was also diminished by reduction in the presence of cyanide (Kauffman & van Gelder, 1973b) but was unaffected by CO (Kauffman et af., 1980) . A similar absorption band (675 to 680 nm) has also been described in E. coli (Pudek & Bragg, 1974; Hendler & Shrager, 1979) but not identified. In Thiobaciffus denitrlficans, intense bands at 675 to 680 nm were seen in reduced minus oxidized preparations when the reductant was Na2S or in CO difference spectra, and were attributed to cytochrome d (Aminuddin & Nicholas, 1974) . In the present paper, the appearance of a broad absorbance centred at about 675 to 680 nm is clearly seen when a CO liganded sample is photolysed at -91 "C (Fig. 2) or in the first scan after photolysis at higher temperatures (Fig. 1) . Although its formation is coincident with the loss of the 650 nm compound and cytochrome b oxidation (Fig. 2) , the kinetics of its formation are quite distinct (Fig. 3) and there is no clear isosbestic point between 650 and 680 nm during these transitions. Both observations suggest that the 650 and 680 nm components are only indirectly related. The haematin d from P. aeruginosa cytochrome oxidase has an absorption maximum at 684 nm (Yamanaka & Okunuki, 1963) but would not be expected to be functional in the reaction with oxygen.
Reductants of' cytochrome d
'Although coordinate synthesis of cytochromes bSs8 and d is observed under a variety of apparently unrelated growth conditions, the obligatory reduction of cytochrome d by cytochrome bss8 has yet to be established' (Haddock & Jones, 1977) . Laser photolysis of the COliganded cytochrome d (which does not activate the reaction with oxygen of cytochrome 0~3~) and formation of cytochrome d650 is followed by reduction of at least two b-type cytochromes that can be distinguished by their Soret absorption bands. Neither of the b-types is cytochrome o (which is still liganded to CO under these conditions), so that evidence is obtained here for two partially independent routes of electron transfer to oxygen :
--t (b428?) --t 0 4 3 6 0 2
The immediate reductant of cytochrome 0~3~ under these conditions has not been identified by selectively photolysing the o,~,-CO complex but, in aerobically-grown cells, where the contribution of cytochrome d-mediated electron transfer is undetectable (Poole et al., 1979b) , cytochrome 0432 appears to be oxidized by a 6-type cytochrome with a Soret absorbance maximum at 428 nm. The point of divergence of electron flow from a pool of quinones or b-type cytochromes remains to be identified. In the d , -containing oxidase of P. aeruginosa, the electron donors tocytochrome d , are c-type cytochromes (Wharton & Gibson, 1976 ) whilst in A . uinefandii a cytochrome b --t d branch apparently resembles that of E. cofi (see Haddock & Jones, 1977) .
Intermediates in the reaction with oxygen
The hypothesis that cytochrome d650 is an early intermediate in the reaction of reduced cytochrome d with oxygen is advanced in the accompanying paper (Poole et af., 1983) . The present results, and Fig. 1 of Poole & Chance (1980) , support this idea by showing that the reactions following the formation of the 650 nm absorbing form result in a spectrum whose only distinctive feature in the near-infrared region is a trough at 636nm, attributable to the disappearance from the difference spectrum of the CO-liganded form. We propose that the product of the reaction is the fully oxidized enzyme, which has no distinctive spectrum in this region. The alternative explanation of the current data is that the 650 nm form, the immediate product of the reaction with 0 2 , is the fully oxidized enzyme. If this were the case, subsequent electron transfer from b-type cytochromes would be expected to re-form the reduced oxidase. 
